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Edited by Maurice MontalAbstract Sterol-enriched lipid rafts have been involved in Dro-
sophila membrane signalling such as Hedgehog targeting and
glutamate receptor ligand-aﬃnity regulation. Here, we show that
the voltage-dependent K+ currents expressed by the intrinsic neu-
rons of the Mushroom bodies are upward-modulated by com-
pounds that remove sterols from the plasma membrane.
Modulation seems to rely on a fast-exchanging sterol-pool,
which more strongly aﬀects the slowly inactivating current.
Our results provide the ﬁrst evidence that sterols inﬂuence the
operation of voltage-gated ion channels in Drosophila neurons
and strengthen the importance of lipid rafts in this biological
model.
 2005 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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Sterols inﬂuence various plasma membrane (PM) functions
by modulating the lipid bilayer biophysical properties, or by
directly interacting with proteins as cofactors [1]. Sterols pro-
mote lipid raft formation in membranes [2]. Protein partition
in and out of lipid rafts regulates their sorting and function,
and promotes protein–protein interaction by increasing their
local concentrations [2].
The cholesterol/phospholipid ratio has been implicated in
the modulation of K+ [3–5], Ca2+ [6,7] and anion channels
[8]. K+ channels are key to the modulation of electrical activity
in excitable cells [9]. Recently the molecular identity of K+
channels operating in Drosophila Kenyon cells (KCs) has been
partially solved [10]. KCs are the intrinsic neurons of the
mushroom bodies, the cellular locus of olfactory learning
and memory in insects and deﬁcient K+ channel function has
been shown to cause learning deﬁciencies in Drosophila [11].Abbreviations: PM, plasma membrane; KC, Kenyon cell; VDKC,
voltage-dependent K+ channel; CD, cyclodextrin; MbCD, methyl-b-
cyclodextrin; HEPES, 4-(2-hydroxyethyl)-1-piperazineethanesulfonic
acid; GFP, green ﬂuorescent protein; C3S, cholesteryl 3-sulfate; BSA,
bovine serum albumin; DMSO, dimethyl sulfoxide
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doi:10.1016/j.febslet.2005.08.022Here, we report that acutely removing cholesterol from the
PM of KCs causes a signiﬁcant increase in K+ currents. Our
observations document for the ﬁrst time that cholesterol con-
tent is important to the regulation of K+ channel activity in
neurons from learning and memory centers.2. Materials and methods
Fly stocks. Third-instar larvae were obtained from the mating of
7A2-Gal4 males and upstream activating sequence-green ﬂuorescent
protein (GFP) females. The ﬂy line 7A2-Gal4 drives expression of
Gal4 speciﬁcally into KCs and has been used and reported elsewhere
[10]. All employed lines were fed with standard cornmeal food
composed of (in g/l): 21 yeast, 9 agar, 48.75 dextrose, 21 sucrose, 60
cornmeal.
KC-preparation. KCs were obtained as described [10]. Final neuro-
nal dispersion obtained using a beveled pipette was plated on cover-
slips (Bellco, Vineland, NJ) and kept in Drosophila deﬁned medium
before electrophysiological examination (23–24 C for 2–10 h). KCs
were identiﬁed as 5 lm-diameter GFP+ cells which under these cul-
turing conditions exclusively express voltage-dependent K+ channels
(VDKCs) [10].
Electrophysiological recordings. The recording chamber containing
the coverslip with the cells was superfused with (in mM): 140 NaCl,
3 KCl, 1 CaCl2, 4 MgCl2, 5 HEPES (pH 7.2). Whole-cell patch clamp
recordings in KCs were performed as described [10]. The patch pipettes
(resistance = 4–7 MX) were ﬁlled with (in mM): 140 KCl, 2 MgCl2, 0.1
CaCl2, 1.1 EGTA, 10 HEPES (pH 7.2). While recording the cells were
kept at a holding potential of 70 mV. Methyl-b-cyclodextrin
(MbCD) was from Aldrich (St. Louis, MO). Bovine serum albumin
(BSA) and cholesteryl-3-sulfate (C3S) were from Sigma (St. Louis,
MO). MbCD and BSA were freshly dissolved at appropriate concen-
trations in external saline solution. C3S was prepared in dimethyl sulf-
oxide (DMSO) as 50 mM stock solution and kept frozen at 70 C.
Equimolar MbCD–C3S complexes were prepared by vortexing and
sonication for 3 min in external saline solution [12]. The solution was
then incubated overnight in a shaking bath at 37 C.
Data acquisition and analysis. Cells were voltage-clamped using an
Axopatch 200 ampliﬁer (Axon Instruments, Union City, CA). Signals
were acquired and ﬁltered at 25 and 5 kHz, respectively. The PM was
held at 100 mV for 1 s prior to any voltage protocol, except otherwise
stated. Currents were acquired and analyzed with pClamp6 software
(Axon Instruments). Data are presented as mean ± S.E.M. Diﬀerences
were treated as statistically signiﬁcant when P < 0.05.3. Results
In most acutely dissociated Drosophila KCs outward cur-
rents are made of a rapidly inactivating current, contributed
mainly by Shal channels and a slowly inactivating current plus
a sustained component, putatively conducted through Shabblished by Elsevier B.V. All rights reserved.
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by a 250-ms pulse to +40 mV follows a double exponen-
tial function, with a fast inactivation time constant (sfast) =
6.5 ± 0.5 ms, and a slow inactivation time constant (sslow) =
78.5 ± 11.7 ms (n = 20). The fast component makes 76 ± 3%
of the current amplitude; the slow component, 19 ± 2%; and
the non-inactivating component, 5 ± 1%. As illustrated in
Fig. 1A, exposure to external solutions containing BSAFig. 1. BSA increases the charge transferred by VDKCs. (A) Super-
imposed control and saline or BSA-exposed (arrows) K+ currents
elicited by a +40 mV pulse. Each current pair was recorded from a
diﬀerent KC. Insets show subtraction of BSA-exposed minus control
currents and their scale bars are 200 pA and 200 ms. The scale bars for
all other traces are 100 pA and 100 ms. Color code applies to all
panels. (B) Average charge transfer ratios (q/q0; q after, q0 before
superfusion). Parentheses indicate number of cells. One-way ANOVA
followed by Scheﬀes algorithm for multiple comparisons was applied
in B, C, and D; *P < 0.01 vs. the saline superfusion. (C) Average peak
current ratios (Ipeak/I0; Ipeak after, I0 before superfusion). Analysis of
cells in B. *P < 0.01 vs. the saline superfusion. (D) Average sustained
current ratios (I250ms/I0; I250ms after, I0 before superfusion). Analysis
performed on cells in B; *P < 0.01 vs. the saline superfusion. (E) Left
traces are currents elicited by a +40 mV pulse recorded in a single KC
in the absence (top) or presence (bottom) of 0.1% BSA. The best ﬁt to a
double exponential function I = Aslowexp(t/sslow) + Afastexp(t/
sfast) + C is shown superimposed to the current traces. The fraction
of the current inactivating along the slow time constant is shown to the
right; *P < 0.01 paired Students t test. (F) Left traces are superim-
posed currents elicited by a +40-mV pulse recorded in a single KC in
the absence (initial), presence (0.1% BSA) and after washing (10 vol.
wash, 20 vol. wash) BSA. Right bars show average charge transfer (q),
normalized by the charge recorded during BSA exposure (qBSA) from
three diﬀerent KCs. *P < 0.05 vs. initial current, paired Students t test.dramatically modiﬁes the K+ current proﬁle of KCs. We cal-
culated the charge transferred by K+ channels during 250 ms
integrating the current elicited by a +40 mV-depolarizing
pulse before (q0) and after (q) superfusing BSA to the record-
ing chamber and estimated the ratio q/q0. Fig. 1B shows that
superfusion of BSA solutions, but not of control solution,
increases q/q0 in a dose-dependent manner. The eﬀect of
BSA (0.1%) can be accounted for by a small but signiﬁcant
increase in the peak current amplitude (25 ± 8%, Fig. 1C),
a 3.7-fold increase ( ± 0.3) in stationary current (Fig. 1D),
and a raise in the fraction of the current inactivating along
the slow time constant (from 25 ± 10% to 70 ± 6%, Fig. 1E).
Following exposure to BSA extensive superfusion with
BSA-free control solution (10 and 20 recording-chamber
volumes) only partially restores K+ currents to their control
proﬁle (Fig. 1F).
Because BSA can acutely remove cholesterol and other lipids
from the PM [13,14], changes in PM lipid composition could
account for the eﬀects observed in the K+ currents [15]. To test
if lipid sequestration was responsible for the changes in whole-
cell K+ current induced by BSA we examined the eﬀects of
cyclodextrins (CDs), compounds chemically unrelated to
BSA and known to be eﬀective in removing lipids from the
PM. CDs are water-soluble cyclic oligosaccharides that en-
hance the solubility of nonpolar substances by incorporating
them into their hydrophobic cavity [16,17]. b-CDs preferen-
tially extract cholesterol from the PM [16] and have been
extensively used to deplete PM cholesterol [8,17]. After estab-
lishing the whole-cell conﬁguration and recording the control
outward current, neurons were superfused with MbCD. Traces
in Fig. 2A show that MbCD modiﬁed dramatically outward
current patterns in the same way as BSA. Data analysis re-
vealed that by large the major eﬀect of MbCD is to increase
the fraction of the current inactivating along the slow time
constant (sslow = 67.8 ± 5.8 ms at +40 mV, n = 11) from
20 ± 3% in the control to 64 ± 7% (Fig. 2B). The contribution
of the fast inactivating component (sfast = 7.5 ± 1.0 ms) de-
creased correspondingly. For simplicity, all further analysis
was performed on the basis of charge transferred by the chan-
nels during a 250 ms depolarising pulse to +40 mV, since it
best reﬂects the changes both in current amplitude and inacti-
vation kinetics. As for BSA, the charge increase induced by
MbCD was only partially reversible even after extensive wash-
ing (Fig. 2C). Because BSA and MbCD are hydrophilic and do
not penetrate the PM [16], the most plausible explanation for
our observations is that BSA and CDs rapidly remove sterols
from the PM, which can only be poorly restored by the cell
during the recording session.
Chronic exposure to CDs has been shown to modify the
voltage-sensitivity of Kv channels [5]. A 2-min superfusion of
control solution shifted half-activation (Va1/2) and half-inacti-
vation (Vi1/2) voltages towards more negative values (DVa1/2 =
7.0 ± 1.4 mV, DVi1/2 = 8.2 ± 1.3 mV; details in legend of
Fig. 2) without changing the steepness of the voltage-depen-
dence of activation (ka) or inactivation (ki) (control
ka = 17.4 ± 1.0 mV, superfusion ka = 19.1 ± 1.2 mV; control
ki = 4.8 ± 0.3 mV, superfusion ki = 5.5 ± 0.1 mV). These
changes are probably due to intracellular content dialysis dur-
ing whole-cell recording [18]. In view of this, cells superfused
with control or with MbCD solution were compared.
Although 5 mM MbCD markedly increased the 250 ms
Fig. 2. MbCD increases the charge transferred by VDKCs. (A) Left, superimposed currents recorded before and after (arrow) superfusing (a)
5 lM or (b) 5 mM MbCD in diﬀerent KCs. Center graph shows average peak current ratios (Ipeak/I0; Ipeak in presence, I0 in absence of increasing
MbCD concentrations). Parentheses indicate number of cells. Right graph shows average sustained current ratios (I250ms/I0; I250ms in presence, I0
in absence of increasing MbCD concentrations). Analysis performed on the cells used above. (B) Left, currents elicited by a +40 mV pulse
recorded in a single KC in the absence (top) or presence (bottom) of 5 mM MbCD. Analysis of inactivation kinetics was performed as in Fig. 1E.
The fraction of the current inactivating along the slow time constant is shown to the right. *P < 0.01, paired Students t test. (C) Left,
superimposed currents elicited by a +40 mV pulse in a single KC recorded in absence (initial), presence (5 mM MbCD), and after washing (10 vol.
wash, 20 vol. wash, 40 vol. wash) MbCD. Right graph shows average data, normalized by the charge recorded during MbCD exposure (qMbCD),
obtained from four diﬀerent KCs. *P < 0.01 v.s. initial current, paired Students t test. (D) Left traces show currents recorded at increasing
voltage steps (Vm) indicated in the graphs x-axis, before and after superfusing 5 mM MbCD. For clarity only every second trace is shown. Insets,
in D and E, show the subtraction of the currents after MbCD superfusion minus the control currents. The right graph displays conductance–
voltage relationships obtained measuring peak currents after superfusing saline solution or 5 mM MbCD. Experimental data were ﬁtted to the
Boltzmann distribution G = Gmax/(1 + exp((Va1/2  Vm)/ka)) + Ca. (E) Left traces show currents recorded at +40 mV after the conditioning
prepulses (Vpre) indicated in the graphs x-axis, before and after superfusing 5 mM MbCD. Right, peak currents after superfusing saline solution
or 5 mM MbCD were plotted as function of prepulse potential and ﬁtted to the Boltzmann distribution I = Imax/(1 + exp((Vpre  Vi1/2)/ki)) + Ci.
In all panels scale bars are 100 pA and 100 ms. For the insets, 200 pA and 200 ms.
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tion and inactivation remained unchanged (Fig. 2D and E).
Moreover, Fig. 2E reveals that at this concentration MbCD
shifts the Vi1/2 by 4 mV to the right. Though this small shift
was not statistically signiﬁcant, because of the steepness of
the inactivation curve, at Vi1/2 it would actually increase by
22% the number of responsive channels. This change couldaccount in part for the increase in peak current amplitude ob-
served in presence of MbCD.
MbCD–cholesterol complexes can serve as cholesterol do-
nors to the cell PM [12] and their eﬀect on anionic and in-
wardly rectifying K+ currents is the opposite to that of free
CDs [4,8]. Additionally, preincubating MbCD with cholesterol
analogue C3S inhibits its capacity to induce protein tyrosine
Fig. 3. Pre-incubation of MbCD with cholesterol analogue C3S
inhibits its capacity to modulate VDKCs. Top traces show superim-
posed currents before and after (arrow) superfusion of (a) control
saline solution or (b) MbCD alone or preincubated with: (c) an
equimolar C3S concentration or (d) DMSO 0.05%. Each current pair
corresponds to a diﬀerent KC. Insets show subtraction of currents
after superfusion minus currents before superfusion. Letters on the
traces are related to the bars in the bottom graph. Parentheses indicate
the number of cells. *P < 0.05, Students t test. Scale bars are 100 pA
and 100 ms. For the inset, 100 pA and 200 ms.
Fig. 4. Modulation of MbCD is more robust on the slowly inactivat-
ing current. (A) Currents in each row were recorded from the same
KC, before (left column) or after (center column) superfusion of (a)
100 lM quinidine, (b) 5 mM 4-AP or (c) a mixture of both. Each
treatment was tested in diﬀerent cells. Right column shows subtrac-
tions of the control current minus the blocker-exposed current. (B)
Bottom bars are average charge transfer ratios (q/q0; q in presence, q0
in absence of 5 mM MbCD). Experiments were performed in absence
of blockers (total I) or in presence of quinidine (IA) or 4-AP (IK).
Representative traces for each experiment, performed in diﬀerent KCs,
are shown above their corresponding bar. Upper superimposed pair
were recorded before and after (arrow) 5 mM MbCD superfusion.
Lower traces show subtraction of MbCD-exposed currents minus
control currents to reveal the upward-modulated component.
*P < 0.01, Students t test. In all panels, scale bars are 100 pA and
100 ms.
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eﬀect of MbCD preincubated with an equimolar concentration
of C3S on the whole-cell K+ currents. Fig. 3 shows that super-
fusion with 50 lM MbCD + 0.05% DMSO (d) leads to an
increase in charge similar to that induced by MCb D alone
(b) and signiﬁcantly larger than superfusion with either control
solution (a) or equimolar C3S–MCbD complexes (c). Thus,
preincubation of MbCD with the cholesterol analogue signiﬁ-
cantly diminishes its capacity to modify the currents, though it
does not reduce the currents.
Sterol-removing compounds more strongly aﬀect the sus-
tained current than the peak current and increase the fraction
of current inactivating along sslow. Thus, we hypothesized that
sterol-removal from the PM preferentially modulates slowly
inactivating channels (see insets in Figs. 1–3 displaying the up-
ward-modulated currents). We challenged this last notion by
pharmacologically dissecting both currents. Fig. 4A shows that
quinidine reveals a fast inactivating current (IA) by blocking
the slowly inactivating current (IK) and the sustained compo-
nent. The quinidine concentration used might block part of
the rapidly inactivating current (see subtraction trace), as has
been reported for vertebrate Kv1.4 and Kv4.2 channels
[20,21]. In contrast, 4-aminopyridine (4-AP) blocks IA, uncov-
ering IK. A mixture of both blockers completely removes the
whole-cell current indicating that only these two components
suﬃce to explain the K+ current composition. We isolated eachpharmacological component of the whole-cell K+ current and
superfused the recording chamber with 5 mM MbCD. As
anticipated, the modulation by sterol removal was stronger
on IK than on IA (Fig. 4B). The charge transfer increase of
IK (2.9 ± 0.3) almost equals by itself the total current charge
transfer increase (3.5 ± 0.3), whereas the IA increase
(1.7 ± 0.1) is signiﬁcantly lesser.4. Discussion
Our data show that K+ currents in the KCs of Drosophila
are strongly and rapidly modulated by compounds that
remove sterols from the PM. Both, BSA and MbCD increase
the charge transferred by K+ channels in a partially irrever-
sible manner. Charge transfer increase appears to be mediated
by a robust upward-regulation of the slowly inactivating
G. Gasque et al. / FEBS Letters 579 (2005) 5129–5134 5133current, possibly encoded by Shab, and a lesser modulation of
the rapidly inactivating current, mostly encoded by Shal. The
mammalian Shab homolog Kv2.1 targets to sterol-dependent
lipid rafts in heterologous systems and rat brain, whereas
the mammalian Shal homolog Kv4.2 does not [5]. Depletion
of membrane cholesterol using CDs causes a dramatic hyper-
polarization shift in the steady-sate inactivation of Kv2.1,
while having no eﬀect on Kv4.2. Other K+ channels associate
with lipid raft microdomains, including large-conductance
Ca+-dependent K+ channels, inward rectiﬁers Kir3.1 and the
Shaker-homologs Kv1.3 and Kv1.5 [5]. Conversely to what
we observed for the slowly inactivating current in the KCs,
putatively encoded by Shab, the Shaker-homolog Kv1.3 is
inhibited when PM cholesterol is removed by CD [22].
VDKCs are important determinants of cellular excitability
and key components of multiple signal transduction pathways
[9]. It is not surprising that ion channels, designed to overcome
the impermeability of the PM, might be functionally dependent
on its constituent lipids. Although we ignore the identity of the
lipids that regulate the VDKCs of KCs, sterols seem the best
candidates because MbCD removes cholesterol with speciﬁcity
over phospholipids [16]. However, it remains unclear whether
the sterol-dependent K+ channel modulation is due to direct
protein–lipid interaction or indirect signaling mechanisms.
In Drosophila, ergosterol is the most abundant sterol [23],
which can be acquired from a yeast-supplemented diet. Taken
together sterols represent 18% mol relative to phospholipids
[23]. Because ergosterol is even more eﬃcient than cholesterol
at ordering acyl chains [24], these levels should suﬃce to induce
lipid raft formation in a liquid ordered phase. Ion channel–raft
association could serve primarily to cluster them with signal-
ling molecules.
In several mammalian cell lines two kinetic pools for CD-
mediated cholesterol eﬄux have been observed. A fast one
with a cholesterol-release half-time (20–50% of total choles-
terol) of 20 s and a slow one with half-time between 18 and
35 min [17]. Speciﬁc protein structures, such as caveola, are
apparently not required since the same two pools exist in arti-
ﬁcial membranes [17]. Because we observed stable BSA and
MbCD eﬀects within 2 min of superfusion, we hypothesize that
the reported K+ current modulation in Drosophila KCs is
dependent on the fast sterol pool.
The cells cholesterol requirements extend beyond lipid raft
formation. Acute cholesterol depletion disrupts the snare clus-
ters required for exocytosis, blocks endocytic vesicle formation
and delocalizes phosphatidylinositol(4,5)-bisphosphate (PIP2)
[25]. PIP2 is a major regulator of the actin cytoskeleton [26],
which modulates K+ channel activity [27,28]. Additionally,
PIP2 is a key determinant of the N-type inactivation rate of
VDKCs by direct interaction with the inactivating ball-domain
[15]. Experiments to elucidate the mechanism by which sterol
removal modulates VDKCs in the Drosophila KCs need to
be performed.
The importance of sterols in ﬂy membranes has been ques-
tioned since ﬂy tissue culture can be maintained in sterol
depleted media [29] and adult ﬂies survive when fed a sterol-free
diet. Though sterol depletion eﬃciency in adults is unknown,
whenDrosophila females are fed with ergosterol-deﬁcient yeast,
they produce embryos that fail to develop [23]. In Drosophila
embryonic membranes, sterol- and glycosylphosphatidylinosi-
tol-linked proteins associatewith detergent resistantmembranes
[23]. This indicates that sterols are important for embryonicdevelopment, probably dictating the partitioning of signalling
proteins to diﬀerent lipid domains in the PM.
The ligand-binding aﬃnity of Drosophila metabotropic
glutamate receptors is modulated by their association with
lipid rafts [30]. Our report further supports the inﬂuence of
sterols-enriched lipid domains on Drosophila neuronal
physiology. The ﬁndings presented here encourage the use of
Drosophila melanogaster as a genetic model organism,
amenable to molecular manipulation, for the study of lipid raft
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